This research project compares laboratory-measured fuel economy of a medium-duty diesel powered hydraulic hybrid vehicle drivetrain to both a conventional diesel drivetrain and a conventional gasoline drivetrain in a typical commercial parcel delivery application. Vehicles in this study included a model year 2012 Freightliner P10HH hybrid compared to a 2012 conventional gasoline P100 and a 2012 conventional diesel parcel delivery van of similar specifications.
INTRODUCTION
Hybrid drivetrains have shown significant promise as part of an overall petroleum reduction fleet strategy [1, 2, 3, 4, 5, 6] . Hybrid drivetrains consist of an energy storage device and a motor integrated into a traditional powertrain and offer the potential fuel savings by capturing energy normally lost during deceleration through the application of regenerative braking. Because hybrid technologies, especially hydraulic hybrids, have low adoption rates in the medium-duty vehicle segment and because fuel savings from hybrids are highly dependent on the duty cycle they are driven on, there are still questions to be answered about when and where this technology offers a valuable return on investment in the form of fuel savings as well as which type of system works best in this application.
The objective of this project was to evaluate the in-use fuel economy of a hydraulic hybrid vehicle (HHV) compared to two conventional powertrain options operating over a range of representative standard chassis test duty cycles through chassis dynamometer testing under laboratory conditions.
Background and Methods
United Parcel Service (UPS) placed 20 new Parker Hannifin infinitely variable transmission (IVT) hydraulic hybrids into service in the Baltimore area in November 2012 as part of a purchase of 40 new HHV parcel delivery vans. These HHVs include an "engine off at idle" function and meet 2010 emissions standards. UPS also deployed gasoline-powered conventional parcel delivery vans around the same time to the Baltimore depots. Because UPS moved to using a gasoline engine in this application as the standard specification, no diesel vehicles were available within the Baltimore fleet; therefore, a diesel-powered conventional vehicle of similar specification was secured from an alternative parcel delivery van fleet for laboratory testing. The National Renewable Energy Laboratory (NREL) also evaluated hybrid electric vehicles (HEVs) in UPS service in this class of parcel delivery van previously in Phoenix, Arizona, and Minneapolis, Minnesota [3, 4, 5, 6] .
Vehicle Selection and Details
The Parker Hannifin IVT HHV was compared to the UPS standard gasoline conventional drivetrain as well as a conventional diesel drivetrain commonly used for this vocational application. Table 1 lists the vehicles' specifications. The HHV uses a 280 HP ISB calibration instead of a 200HP calibration used in the diesel conventional because that was the only calibration being offered for hybrid applications by Cummins. The payload estimate used for testing is the result of discussions with UPS as an average daily load and is directly comparable to a previous dynamometer test series [3, 6] . Table 2 lists pertinent Parker Hannifin IVT hydraulic hybrid system details. This system is a "powersplit," or a combination of parallel and series in architecture. It is a dual path system capable of transmitting power hydraulically or mechanically or a combination of both. The system uses a gear box to mix power input from both the diesel engine and the hydraulic motor to the wheels, to the hydraulic motor from the wheels for regeneration or from the hydraulic motor to the engine flywheel to start the engine. The system also shuts off the diesel engine when it is not needed. According to Parker Hannifin, the system supplies 100% of the power hydraulically from a stop and ramps down to less than 10% of power transmitted hydraulically at 30 mph with a 50% mechanical / hydraulic pathway split at 15 mph. This system is intended to capture energy during slow speed stop-and-go driving, but to provide for mechanical power transmission at higher speeds. 
Duty-Cycle Analysis and Test Cycle Selection and Creation

GPS and J1939 Vehicle Data Logging
Isaac Instruments DRU900/908 data logging devices with global positioning system (GPS) antennas and J1939 controller area network (CAN) bus connections were deployed to the UPS Baltimore fleet to collect operational data. This information was combined with a month of telematics data provided by Parker Hannifin from systems already installed on the Baltimore HHVs. In total, 484 vehicle days of HHV operation on 20 parcel delivery vans were documented. The GPS and J1939 channels collected as part of this project were recorded at a 1-Hz sampling rate. J1939 controller area network bus channels collected included wheel-based vehicle speed, engine speed, and engine fuel rate among others (see Appendix Table A1 for a complete list). The same data collection devices and channel settings (minus GPS) were used during laboratory dynamometer testing to capture vehicle systems activity during the test runs.
Data Analysis Using DRIVE™
Filtration and analysis of the 484 days of in-use field data collected as part of the study were performed using NREL's Drive-Cycle Rapid Investigation, Visualization, and Evaluation (DRIVE™) analysis tool [7, 8] . Employing NREL's DRIVE analysis tool, researchers were able to explore daily vehicle operation and ensure data quality through analysis of approximately 150 drive cycle metrics calculated by the tool. The 150 drive cycle metrics calculated ranged in scope from high-level route descriptors such as average driving speed (mph) and stops per mile, down to vehicle energy level metrics such as kinetic power density consumed (W/kg) and kinetic intensity (1/mile), most of which were calculated using different formulations of the fundamental road load equation [9] . When performing the road load equation calculations, it was assumed the effects of road grade were negligible. However, road grade effects and their contributions to vehicle power demand have been explored in prior research, and associated fuel economy penalties have been documented [10, 11] .
Laboratory Standard Test Cycle Selection
In an effort to select standard chassis test cycles that reflect the aggregate in-use data, a multivariate least squares selection method was employed. Through a comparison of drive cycle metrics such as average driving speed, stops per mile, and others, a representative set of test cycles was chosen representing the range of driving conditions. The corresponding cycles chosen to bracket and represent the range of driving observed were the California Air Resources 
DRIVE™ Custom Test Cycle Generation
The DRIVE tool employs a deterministic multivariate hierarchical clustering method to generate representative drive cycles from source data [12] . Starting with source in-use data, the tool generates representative cycles of user-specified durations by first analyzing the drive cycle characteristics of a composite "super" cycle containing the driving profile of each input drive cycle concatenated together. In generating a composite cycle this way, time-based weighting is achieved, with the duration of each source cycle influencing the underlying metrics of the composite "super" cycle, as opposed to the common approach of non-weighted averages being computed from a set of cycle metrics representing each source cycle. The non-weighted approach can result in composite cycles that can disproportionally weight the metrics of the composite cycle toward the components with short durations. Once the "super" cycle has been characterized over more than 150 drive cycle metrics, the tool then decomposes the composite cycle into its component microtrips, which are individually analyzed over the same set of operational drive cycle metrics. This set of statistics includes well-known metrics such as average driving speed, stops per mile, and zero speed time as a percentage of cycle operation, as well as specialized metrics such as kinetic intensity, aerodynamic speed, and characteristic acceleration, which are used to characterize energy consumption [8] . Having been characterized, the individual microtrips undergo an iterative multivariate k-means clustering process in which they are grouped into clusters and ranked based on a set of predefined performance metrics. Upon ranking, the ideal microtrip from each cluster is selected and concatenated to form a representative cycle. This clustering process is iterated over a chosen number of clusters, with the upper limit on the number of clusters calculated as the product of the desired representative cycle duration, the number of stops per mile for the "super" cycle, and the average speed over the "super" cycle. As a final step in the generation of a representative drive cycle, zero speed time is either added or removed from the final drive cycle output to match the percentage found in the original data "super" cycle. (See Appendix Figure A4 showing the cycle).
Laboratory Chassis Dynamometer Testing Procedures
Dynamometer testing methods recommended in SAE J2711 "Recommended Practice for Measuring Fuel Economy and Emissions of Hybrid-Electric and Conventional Heavy-Duty Vehicles" [12] were used as a guide. Vehicles are secured to the dynamometer with the drive axle(s) over the rollers. The vehicle is driven by a driver following a prescribed speed trace that is defined by the previously selected/generated drive cycles. A three-foot diameter 2-HP fan is used to force cooling air onto the test vehicle's radiator to simulate the ram cooling effect of a vehicle in motion. Emissions measurements are collected from the exhaust dilution system for analysis, and various vehicle parameters (J1939) are monitored and logged by the Isaac DRU908 data acquisition system.
To assure the accuracy and consistency of road load simulation used during chassis dynamometer testing, the dynamometer is subjected to various procedures and checks. The daily testing routine consists of the following steps: 1) In the morning, the vehicle is lifted off the rollers, and the dynamometer is subjected to a warm-up procedure until the parasitic losses stabilize.
2) The unloaded coastdown procedure is used to verify that the parasitic losses did not change from previous testing and that load cell calibration has not drifted. 3) Following this verification, the vehicle is placed back on the rollers and driven for 20 minutes to warm up. 4) A conditioning test run is performed to stabilize the vehicle's temperature over the test cycle. 5) After the warm-up cycle the dynamometer road load simulation is verified via loaded coastdown. Once the road load is verified as accurate, testing can start. 6) Test runs are considered usable provided the road load simulation proves consistent in the previous step. This is verified after each test. To maximize consistency, the soak period between engine-off of one test and engine-on of the following is kept at 20 minutes.
Emissions Measurement
The emissions measurement system at the NREL Renewable Fuels and Lubricants Laboratory is designed based on Code of Federal Regulations Section 40, Part 86, Subpart N. The system consists of a full flow dilution tunnel with a constant volume sampling system for mass flow measurement. The tunnel flow rate is measured and controlled using critical flow venturis. The dilution and engine combustion air is supplied by an air handling unit that maintains the desired air temperature, pressure, and humidity and is HEPA filtered.
Gaseous exhaust emissions are analyzed by a Horiba MEXA 7100 series system which includes measurements of total hydrocarbons, oxides of nitrogen (NO x ), carbon monoxide, and carbon dioxide. The gas analytical system was verified prior to beginning the testing period, including linearization checks and a NO x converter efficiency test. On a daily basis, the analyzers are zero and span calibrated, and each test was bracketed by zero, span, and background readings used for corrections. The emissions measurement data are then reduced to distance specific mass results using the Code of Federal Regulationsrecommended calculations, including humidity, dry to wet, zero, span, and background corrections.
Fuel Consumption Measurement
The primary fuel consumption measurement approach applied in this project was gravimetric-based analysis. Engine fuel supply and return lines were connected to a fuel container placed on a scale, where scale mass measurements were collected and recorded in real time along with all the test data.
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The difference between the beginning and the end test mass measurements indicated the mass of fuel consumed during the test. Prior to testing, the scale calibration was verified with a known calibration weight. A Sartorius Midrics MAPP1U-60ED-L scale was used for this test.
State-of-Charge Considerations
SAE Recommended Practice J2711 is a protocol for measuring fuel economy and emissions of hybrid-electric and conventional heavy-duty vehicles and was used in this project. The recommended practice describes a state-of-charge correction for charge-sustaining hybrid electric vehicles. A similar methodology was used while measuring the pressure change in the high-pressure hydraulic accumulator along with pressure to energy conversion data provided by Parker Hannifin. All the tests in this program involving the HHV resulted in negligible net energy changes and thus did not require correction as per SAE J2711.
RESULTS
Parcel Delivery Van In-Use Duty Cycle Results
For the observed 484 days of operation, the collected in-use HHV driving routes averaged 56 miles per day with an average driving speed of 18 mph. Figure 1 shows the average distance (as a percentage of total daily distance) that HHVs drove at different vehicle speeds and also shows the zones of the HHV operation (data supplied by Parker Hannifin).
•
The HHV parcel delivery vans drove 20% of their miles below 15 mph, where the IVT transmits more than 50% of the power hydraulically.
• The HHV parcel delivery vans drove 35% of their miles between 15 mph and 30 mph, where the IVT transmits 10%-50% of the power hydraulically.
• The HHV parcel delivery vans drove 45% of their miles above 30 mph, where the IVT transmits over 90% of the power mechanically, and there is less opportunity for savings from a hybrid system. 
Laboratory Drive Cycle Selection
Based on the in-field usage data and the DRIVE™ methodology used to analyze the data, three standard drive cycles were chosen to match and bracket the observed in-use data and associated statistics. The selected cycles were NY Comp, CSHVC, and CARB HHDDT, with CSHVC being the closest match to the average in-field data and NY Comp and CARB HHDDT bracketing the high and low observed data. Additionally, a custom drive cycle was created using DRIVE™ as described in the Methods section. Figures 2 and 3 show the laboratory test cycles compared to gathered field data relating to kinetic intensity, average driven speed, and stops per mile. All reported laboratory fuel economy results are average values calculated from four test runs performed on each standard cycle. Gravimetric fuel economy results for the parcel delivery vans are shown in Table 4 and Figure 4 with gasoline results shown in diesel energy equivalent units. The HHVs showed a −1% to +52% improvement in fuel economy over the conventional diesel parcel delivery van on the tested duty cycles. The HHVs showed a +3% to +56% improvement in energy equivalent fuel economy over the conventional gasoline parcel delivery vans on the tested duty cycles.
Parcel Delivery Van Fuel Economy
Laboratory Testing Gravimetric Fuel Economy
Comparing Gravimetric and J1939 Reported Fueling During Laboratory Testing
Hydraulic hybrid fuel economy results from both the gravimetric measurement method and the J1939 reported fuel rate for the HHV during chassis dynamometer testing are shown in Table  5 . The J1939 method over-reported fuel economy by 1.4%-4.0% with an average error of 3%. It is supposed that J1939 fuel rate reporting is not at a high enough resolution to accurately calculate in-use fuel economy because the error was solely in fuel consumed, not an error in miles traveled during the test. However, the run-by-run repeatability of the error was such that a correction factor can be applied to achieve more accurate in-field analysis with data logging of this channel. Applying 3% reductions to each laboratory test run resulted in reduced error values (1.5% or less); therefore, this adjustment is applied later to the in-field J1939 data analysis. With the correction factor applied, the highest remaining error is on the bracketing cycles, and the lowest remaining error is on the cycles most representative of the in-field data observed. Table 5 . Gravimetric and J1939 fuel economy on various cycles on chassis dynamometer and calculated correction factor
J1939 In-Use Fuel Economy
The fuel economy calculations from the 484 in-use days of J1939 and GPS data recording are assumed to be affected by the same offsets seen in the laboratory tests, and thus these data have been corrected using the factors discussed above. Table 6 shows the total miles driven, fuel consumed, and average fuel economy from the study vehicles during the recorded days. Because detailed driving behavior is also known for each in-use driving day, comparisons of fuel economy to kinetic intensity and average driven speed are possible. Figure 5 shows individual days of operation and the corresponding vehicle average fuel economy, and the laboratory dynamometer fuel economy results presented earlier compared to the average driven speed of the drive cycle. Figure 6 shows the same data compared to kinetic intensity. There is clear indication that the laboratory results bracketed the in-use operational metrics of the study groups. The in-use daily data points clearly show the random effects of varying drivers, loads, traffic, idle time, and weather that are not captured in laboratory testing and that tend to reduce fuel economy as compared to laboratory results. Note that the laboratory tests seemed to over-predict fuel economy by the duty cycle metric chosen and that the Baltimore Custom cycle seems to more accurately represent the field data and thus seems out of line with the standardized duty cycles. 
Discussion
Hybrid powertrains save the most energy when on high kinetic intensity and high stops-per-mile routes where the repeated deceleration and acceleration events provide opportunity to capture energy through regenerative breaking that would otherwise be lost on a conventional powertrain. The HHVs in Baltimore are being deployed on routes with lower kinetic intensity, higher driven speed, and lower stops per mile than is ideal or has been seen with other studies of hybrid parcel delivery deployments [3, 4, 5, 6] . It is expected that they are not currently delivering their full potential for fuel savings. The HHV demonstrated less change in fuel economy across duty cycles than the conventional parcel delivery van, which ranged from 6.9 to 11.0 mpg with a gasoline engine and from 7.2 to 11.4 mpg with a diesel engine. The HHV ranged only from 10.2 to 12.8 mpg. If the HHVs were deployed on harder decelerating, dense stop-and-go routes with higher kinetic intensity, it would be expected they would achieve a higher percent fuel consumption savings. 
SUMMARY/CONCLUSIONS
The Parker Hannifin hydraulic hybrid parcel delivery vans consistently are delivering a fuel economy advantage over comparable diesel and gasoline vehicles on all but the highway oriented HHDDT cycle. Laboratory testing demonstrated the following results.
• The hydraulic hybrid parcel delivery van demonstrated 19%-52% better fuel economy than conventional diesel on cycles other than the highway-oriented HHDDT cycle on which it achieved parity.
• The hydraulic hybrid parcel delivery van demonstrated 30%-56% better fuel economy than conventional gasoline on cycles other than the highway-oriented HHDDT cycle on which it was 3% better.
• The custom Baltimore cycle, statistically created from pieces of collected field data, most accurately matched observed in-field fuel economy.
• Both the conventional parcel delivery vans saw lower fuel economy on the custom cycle than the HHV.
• The CSHVC cycle over-predicted the fuel economy for the HHV compared to similar kinetic intensity in-use data.
Additionally field usage data indicate:
• Hydraulic hybrid parcel delivery vans could maximize their fuel saving potential if deployed on more kinetically intense routes more similar to the NY Comp test cycle and observed parcel duty cycles from previous studies [3, 6] . 
FUTURE WORK
Because a diesel conventional to diesel hydraulic hybrid in-field analysis is not available for any fleet we could identify, a modeled analysis approach to use the collected in-use route data for all of the tested powertrains could be undertaken to estimate their performance over the duty cycles observed. This could provide a virtual comparison of a HHV to a conventional diesel on the actual Baltimore routes. This is a work of a Government and is not subject to copyright protection. Foreign copyrights may apply. The Government under which this paper was written assumes no liability or responsibility for the contents of this paper or the use of this paper, nor is it endorsing any manufacturers, products, or services cited herein and any trade name that may appear in the paper has been included only because it is essential to the contents of the paper.
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